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Abstract Novel graphene oxide-ordered mesoporous silica
materials with two-dimensional mesoporous structure and
large surface area were successfully fabricated through sol-gel
and self-assembly methods. The synthesized materials were
characterized by small-angle X-ray diffraction, scanning elec-
tron microscopy, transmission electron microscopy, and
nitrogen adsorption—desorption. By taking advantage of the
excellent properties, the hybrid materials were employed as the
adsorbent for removal of heavy metals in environmental waters
by adsorption separation—inductively coupled plasma mass
spectrometry. The results showed that the materials exhibited
superior adsorption capacity, the removal efficiencies for As,
Cd, Cr, Hg, and Pb reached 97.7, 96.9, 96.0, 98.5, and 78.7 %,
respectively. The facile, low-cost, and environmental friendly
synthesis method as well as highly efficient adsorption ability
made it become a promising adsorbents for the removal of toxic
heavy metals at low or trace concentrations from wastewater.

Introduction

Heavy metals have caused various diseases and threaten
ecosystem and public health seriously with the rapid
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development of the industry in recent years [1]. They can
be distinguished from other toxic pollutants, since their
bioaccumulation and high toxicity even at very low con-
centrations in water [2, 3]. Therefore, the removal of heavy
metals have attracted increasing attention and become an
extensive research subject. Conventional treatment tech-
niques, such as ion exchange, chemical precipitation, sol-
vent extraction, and adsorption have been widely applied
[4-6]. Among them, the adsorption is considered to be the
most facile and effective method [7, 8].

Traditional adsorbents, such as clays [9], nanosized
metal oxides [10], polymer and polymer-based hybrids [11,
12] were of interest for wastewater treatment. However,
these classical adsorbents had several problems such as
unpredictable metal ions removal, toxic sludge production,
and extra handling cost for sludge disposal [13]. Moreover,
most of sorbents were only applied to high or moderate
concentrations of heavy metals but not to low or trace [14].
Therefore, it is very urgent to develop novel adsorbents
with low-cost, simple operating performance, and excellent
adsorption efficiency to low or trace.

In recent years, with progresses in modern nano-science
and technology, ordered hybrid porous materials have
exhibited substantial performance in adsorption and sepa-
ration applications because of regular, uniform, and inter-
penetrating mesopores, tunable pore sizes, high surface
areas [15-18]. Numerous organic—inorganic porous hybrids
have been developed for removing heavy metal ions from
wastewater, such as Cd, Cu, Hg, and Pb [19-22]. In
addition, as an attractive 2D material with remarkable
physical and chemical properties, graphene oxide (GO)
composites have been widely applied in this field [23-25].

In this study, in order to take good use the advantages of
GO and porous materials, graphene oxide-ordered meso-
porous silica materials (denoted as GO-OMS) with long
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mesoporous channels and high surface area were prepared
through sol-gel and self-assembly methods. The meso-
porous material was dispersed into the surface of the
graphene sheets, not only could the graphene and the
porous material maintain the inherent characteristics of
each, but also produced a novel synergistic effect. By
taking advantage of these merits, the novel materials were
utilized to remove heavy metals (As, Cd, Cr, Hg, and Pb)
from complex real wastewater samples with high efficiency
in spite of the low or trace concentration. The process of
this work was depicted in Supplementary Figure S-1.

Materials and methods
Materials and chemicals

Sodium nitrate (NaNQO3), Nitrate (HNOs, 98 %), Sulfuric
acid (H,SOy, 98 %), Hydrochloric acid (HCl, 37 %) were
bought from YanTai chemical Co. Ltd. (Shandong, China);
Ethanol (C,HsOH, 99 %) and Potassium permanganate
(KMnO,) were purchased from Tianjin KaiTong chemical
reagent Co. Ltd. (Tianjin, China); Graphite powder was
obtained from Shanghai ShanPu chemical Co. Ltd.
(Shanghai, China); Tetraethyl orthosilicate (TEOS, 99 %)
was purchased from ZhongQin chemical reagent Co. Ltd.
(Shanghai, China). Pluronic P123 was obtained from
Sigma-Aldrich (Steinheim, Germany). All used deionized
water in the experiment were prepared by Aquapro Water
Purification System (Chongqing, China). All chemicals
were of analytical grade and used without further
purification.

The individual standard stock solutions of As, Cd, Cr,
Pb, and Hg (1 mg/mL) were supplied by National Institute
of Metrology (China) and stored at 4 °C. The working
standard solution was prepared by combining aliquots of
each individual stock solution and diluting by 2 % HNO;
solution to obtain a desired concentration. Fresh working
solutions were prepared daily by appropriate dilution of the
stock solutions.

Two wastewater samples were collected from Dongda
River (Industrial wastewater) and Xida River (Domestic
sewage) (Baiyin, Gansu Province, China). All these sam-
ples were filtrated through 0.45 pm glass fiber membrane
(Automatic Science, China) and stored in brown glass
bottles at 4 °C.

Synthesis of graphene oxide (GO)
GO was synthesized according to modified Hummers
method [26]. 1.0 g graphite powder, 1.0 g NaNOj, and

46 mL H,SO,4 (98 %) were stirred in an ice bath for 0.5 h.
Next, 3.0 g of KMnO,4 was added slowly. Once these were
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mixed, the ice bath was removed and the suspension was
stirred for 2 h at 35 °C. Next, 46 mL of water was added
dropwise under vigorous stirring about 20 min. Then,
10 mL H,0, (30 %) was added slowly. The mixture was
centrifuged at 4000 rpm and washed with 5 % HCl (v/v).
Subsequently, the sediment was washed with deionized
water and centrifuged at 8000 rpm. The final sediment was
dried at 60 °C in a vacuum drier for 24 h and redispersed in
deionized water with ultrasonication for 2 h to make GO
solution.

Preparation of graphene oxide-ordered mesoporous
silica (GO-OMS)

The typical preparation approach for GO-OMS is shown in
Scheme 1. Briefly, H,SO, (1.7 mL, 98 wt%) and P123
(1.0 g, MW = 5800) were dissolved in 30 mL of distilled
water by vigorous stirring under 40 °C to form a homo-
geneous solution. Then a certain amount of as-prepared GO
(weight from 0, 20, 60 to100 mg) was added and homo-
geneously dispersed under sonication, followed by adding
dropwise 2.3 mL TEOS and stirred under 40 °C for 20 h.
The resulting black mixture was transferred into a Teflon-
lined autoclave, heated at 100 °C for 24 h before it was
cooled down to room temperature. The products were
precipitated through centrifugation, further purified by
distilled water and ethanol, then dried at 80 °C in a vacuum
drier for 3 h. Finally, the powder was carried out in a
tubular furnace at 550 °C for 5 h under a flow of nitrogen
with a low rate to remove the templates P123 and form
GO-OMS.

The final samples were labeled as GO-OMS-x (x = 20,
60, 100) and x represents different weight GO was added.
For comparison, the prepared ordered mesoporous silica
without GO was labeled as OMS.

Removal of heavy metals

The removal of heavy metals by GO-OMS-x was con-
ducted by the batch equilibrium method in an E24 Incu-
bator Shaker (New Brunswick Scientific). 0.10 g of GO-
OMS was added to 50 mL real wastewater samples con-
taining different concentrations (the initial concentrations)
of heavy metals (Table 1). The mixtures were stirred at
room temperature (25 £ 2 °C) for 24 h to ensure sorption
equilibrium. After 24 h, the conical flasks were removed
and solution filtered using a 0.45 pm glass fiber membrane.
The filtered solution was analyzed for the final concentra-
tion (Table 1). The operating condition for ICP-MS is
listed in Supplementary Table S-1 of the Supporting
Information. For all of the ICP-MS determinations, the data
are presented as averages of three measurements with rel-
ative standard deviations (RSDs) of less than 5 %. Heavy
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Scheme 1 Synthesis Route to
Graphene Oxide-ordered
mesoporous silica (GO-OMS)

P123 Micellar Rod

OCH,CH;
0 CH3CH,0 — Si — OCH,CH;
TEOS -
OCH,CH;  Self-assembly o GO-OMS
Table 1 The concentration of heavy metals in the wastewater before and after different materials adsorption
Materials Dongda river (industrial wastewater) Xida river (domestic sewage)
As? Cd Cr Hg Pb As Cd Cr Hg Pb
Original solution® 421.50 58.71 78.58 1.20 200.90 176.20 3.82 14.10 0.20 0.47
AC 127.80 25.31 52.98 0.21 152.60 17.51 0.27 10.47 0.08 0.25
OMS 37.10 10.21 26.94 0.03 121.00 6.62 0.25 6.35 0.01 0.16
GO-OMS-20 30.20 9.00 14.62 0.01 112.30 4.03 0.12 0.57 0.003 0.10
GO-OMS-60 52.20 16.67 16.67 0.05 133.30 4.53 0.19 3.52 0.06 0.17
GO-OMS-100 86.85 15.54 15.64 0.07 144.20 6.10 0.25 3.29 0.05 0.13

* The unit of concentration of five heavy metals is ppb (ng/L)

° The concentration of original solution is the initial concentration (pg/L)

metals removal efficiency was calculated using the fol-
lowing equation.

(CO - Ce)

Removal efficiency (%) = c
0

x 100, (1)
where Cy and C, are the initial and final concentrations of
heavy metals in wastewater (ug/L), respectively. The
removal efficiency of heavy metals were examined without
pH adjustment. The ratio of mass and charge of each ele-
ment (As, Cd, Cr, Hg, Pb) is listed in Supplementary Table
S-2 of the Supporting Information.

Characterization

The OMS and GO-OMS-x (x = 20, 60, 100) were charac-
terized with Small-angle X-ray diffraction (SAXRD),
Scanning electron microscopy (SEM), Transmission elec-
tron microscopy (TEM), and Nitrogen adsorption—desorp-
tion. The SAXRD measurements were carried out on a
D/max-2400 X-ray powder diffractometer (Japan, Rigaku),

using Cu Ka radiation (40 kV, 30 mA) source with a res-
olution of 0.02° and scanning speed of 0.5°/min. SEM
images were recorded on a ULTRA Plus (Germany Zeiss),
operated under high vacuum conditions, to visualize the
morphology and size distribution of the particles. TEM
conducting on Tecnai G2 F20 (FELLUSA) with an acceler-
ating voltage of 80 kV was used. Carbon coated copper
grids were used for the TEM sample preparation. Samples
were dispersed in ethanol and applied as droplets to the
grids. Nitrogen adsorption—desorption isotherms were per-
formed at 77 K on a Quantachrome AS1Win™. The sample
was first degassed at 120 °C for 5 h before adsorption
measurements. The specific surface area was calculated
from the adsorption—desorption isotherm using the
Brunauer—Emmet-Teller (BET) equation and the pore size
was calculated from the adsorption isotherm by applying the
Barrett-Joyner—Halenda (BJH) method. Heavy metals (As,
Cd, Cr, Hg, Pb) concentrations were determined by induc-
tively coupled plasma mass spectrometry (ICP-MS) on
Thermo Element ICP-MS XSERIES 7.
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Results and discussion
Characterization of OMS and GO-OMS
Nitrogen adsorption—desorption isotherms

To investigate the textural parameters of the OMS and GO-
OMS-x materials, nitrogen adsorption—desorption isotherms
were performed and the results are shown in Fig. 1 and
Table 2. Figure 1 exhibited the prominent characteristic of
type-IV isotherms with a distinct hysteresis loop of H1 in the
P/Py range of 0.4-1.0, which implied the presence of rela-
tively large mesopores in the frameworks. The mesopore size
were calculated by the BJH method ranges from 5.02 to
6.32 nm with a narrow distribution for samples, which indi-
cated the materials had very uniform mesoporous structure.
Moreover, the capillary-condensation step for GO-OMS-
x was significantly shifted to lower relative pressure with the
increase of GO weight, showing a gradually decreases in the
pore size, which was quite consistent with the XRD results.
As shown in Table 2, the structure parameters of GO-OMS-
x decreased slightly because of the introduction of GO in the
OMS. However, the textural parameters of GO-OMS-x com-
pared to that of OMS were improved obviously because of the

—— OMS

800 4| —— GO-OMS-20
—— GO-OMS-60

1 —— GO-OMS-100

600

400

200

Volume adsorbed(cm® g”,STP)

T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure(P/P,)

Fig. 1 N, adsorption—desorption isotherms of OMS and GO-OMS-
x (x = 20 mg, 60 mg, 100 mg) samples

Table 2 The structure parameters of OMS and GO-OMS-x (x = 20,
60, 100 mg) samples

Samples BET surface Pore volume Pore size
area (mz/g) (cm3/g) (nm)
OMS 434.42 0.59 5.05
GO-OMS-20 872.90 1.28 6.32
GO-OMS-60 799.28 0.97 5.02
GO-OMS-100 589.55 0.74 4.76
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ultra-high surface area of GO. For example, the surface area
and the pore volume of GO-OMS-20 were twice as high as the
OMS, which contribute to the incorporation of GO.

SAXRD patterns

The mesoporous structure of samples were investigated by
SAXRD and shown in Fig. 2. A well-resolved diffraction
peak corresponding to (100) indicated the existence of
highly ordered two-dimensional hexagonal mesostructure
with the space group of p6 mm, except for GO-OMS-100.
It is revealed that the presence of GO had an influence on
the self-assembly of the tri-block copolymer. As a result,
no obvious diffraction peak was observed for GO-OMS-
100. What is more, the XRD reflections shifted in the
direction of lower 20 values along with the enhanced
weight of GO, which reflected an expand in d-spacing and
unit-cell size of the mesoporous materials [27].

SEM images

The SEM images of OMS and GO-OMS-x are shown in
Fig. 3. It could be seen that almost all synthesized materials
exhibited honeycomb-like morpha and porous structures
(Fig. 3a—c), which were beneficial to heavy metals adsorp-
tion in that the pores increase the surface area of the
materials leading to easy migration of metal ions into the
interior of the composites. It might be due to the excess
addition of GO could cause agglomeration of the graphene
sheet and thus negatively affect the mesostructure for GO-
OMS-100 (Fig. 3d). The dosage of GO was responsible for
mesophase of the structure and had impact on the perfor-
mance of the material. Consequently, in order to prevent the
GO from aggregating and restacking, the optimum dosage of

——OMS

—— GO-OMS-20
—— GO-OMS-60
—— GO-OMS-100

Intensity (a.u.)

T T T T T
1 2 3

2Theta (deg.)

Fig. 2 Small-angle XRD patterns of OMS
x (x = 20 mg, 60 mg, 100 mg) samples

and GO-OMS-
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Fig. 4 TEM micrographs of a OMS, b GO-OMS-20, ¢ GO-OMS-60, and d GO-OMS-100 samples

GO was 20 mg, the materials could keep both the meso-
structure of OMS and high mechanical strength of GO.

TEM images

The morphology study was carried out with TEM. It is
clearly seen in Fig. 4a—c that the OMS and GO-OMS-

x (x =20 mg, 60 mg) kept an ordered mesoporous
channel, while GO-OMS-100 (Fig. 4d) had poor ordered
mesoporous structure because of the over-adding GO,
which were corresponding to the results from SAXRD and
BET. Additionally, Fig. 4b—d illustrated that mesoporous
silica were widely covered with thin transparent GO
sheets, which demonstrated GO modified highly ordered
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Fig. 5 The removal efficiency of five heavy metals to two real
wastewater samples a Dongda River (Industrial wastewater), b Xida
River (Domestic sewage)

mesoporous silica composites could be successfully
prepared.

Analytical performance

Supplementary Table S-3 summarized the results of
method validation. According to the definition of IUPAC,
the detection limit (S/N = 3) of this method for As, Cd, Cr,
Hg, and Pb were 0.05, 0.02, 0.10, 0.001, and 0.03 pg/L,
respectively. The line arrange for As, Cd, Cr, Hg, and Pb

were 0.20-500, 0.05-500, 0.35-500, 0.001-500, and
0.05-500 pg/L, respectively. The precision of the adsorp-
tion separation—ICP-MS method was assessed by five
parallel adsorption of the analytes (0.5 pg/L). The results
showed that the RSDs were <4.80 %, which demonstrated
that good reproducibility could be achieved by the method.

Removal performance of heavy metals

In order to test and assess the applicability of GO-OMS
composites, the removal efficiency of Lvyuan activated
carbon (AC), the OMS and GO-OMS-x for five heavy metals
(As, Cd, Cr, Hg, Pb) to two real wastewater samples are
compared in Fig. 5. It should be mentioned that the two
environmental water samples have not been studied at the
adsorption and separation of heavy metals before. It could be
seen that the AC had the lowest removal efficiency compared
with the synthesized materials. All as-made materials
showed superior removal capacities to five heavy metals,
especially GO-OMS-20 displayed highest adsorption ability
than the others, which due to the improvements of GO-OMS
materials in physic-chemical characteristics as specific sur-
face area, total volume of porous, more organic functional
groups of GO. The concentrations of all heavy metals in
domestic sewage sample after GO-OMS adsorption were
lower than the GB/T5750-2006 (China, heavy metals
<10 pg/mL). These results further verified that the GO-
OMS had obviously positive effects on removal capacities to
heavy metals of low or trace concentrations.

Real samples analysis

To estimate possible matrix influences, the two environ-
mental samples after adsorbed by GO-OMS-20 were
spiked with five heavy metals at two different concentra-
tion levels (0.5 and 10 pg/L) and analyzed by the proposed
method. As listed in Table 3, the recoveries were in the

Table 3 Recoveries of real water samples spiked with the target analytes (n = 3)

Analyte Concentration added (pg/L) Dongda river (industrial wastewater) Xida river
Recovery(%) RSD(%) Recovery(%) (100 %) RSD(%)
As 0.5 77.1 6.2 93.9 4.9
10 85.6 5.4 91.5 3.6
Cd 0.5 108.5 6.6 86.5 4.3
10 111.2 7.7 103.4 5.5
Cr 0.5 108.5 9.1 91.2 4.8
10 76.7 7.3 88.6 53
Hg 0.5 114.2 9.6 106.3 6.2
10 109.5 8.5 108.7 54
Pb 0.5 88.5 6.4 87.4 5.6
10 84.6 7.0 83.2 4.3
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Table 4 Kipetic pa]rameters for Qe exp (ME/E) Pseudo-first-order kinetics Pseudo-second-order kinetics

the Adsorption of five heavy (industrial wastewater)

metals onto GO-OMS-20

sample Analyte k, (h™h) Gecal R? ko Gecal R?

(h™h (mg/g) gmgh™)  (mglg)

As 47.3 2.049 74.10 0.9428 0.0071 44.10 0.9879
Cd 48.0 2.155 69.25 0.9382 0.0062 50.67 0.9678
Cr 45.5 1.7187 72.85 0.9359 0.0080 52.88 0.9901
Hg 49.0 1.103 84.20 0.9325 0.0108 48.21 0.9956
Pb 39.5 2.010 60.01 0.9489 0.0084 39.97 0.9903

range of 83.2-108.7 % for domestic sewage sample and
76.7-114.2 % for industrial wastewater water sample.
These satisfactory recoveries indicated no significant
effects from the matrix composition of the environmental
water samples.

Durability of GO-OMS

In order to evaluate the durability and application of GO-
OMS, the optimum GO-OMS-20 was collected after the
heavy metals adsorption of two environmental samples
and regenerated through washed by distilled water and
ethanol, then dried at 80 °C in a vacuum drying oven for
3 h. The regeneration materials were characterized by
SAXRD (Supplementary Fig. S-2), SEM (Supplementary
Fig. S-3) and TEM (Fig. S-4). The results showed the
regenerative materials still exhibited long range order
mesoporous structure and the value of putting this mate-
rial into use.

Adsorption kinetics

Batch kinetic studies were carried out using an accurately
weighed 0.10 g portion of GO-OMS-20 in 50 mL of a
solution of 100 mg/L five heavy metals, respectively. After
the solution had been stirred for 24 h, the remaining heavy
metal concentration was determined. The obtained exper-
imental data were analyzed with pseudo-first-order and
pseudo-second-order models as follows [28]:
The pseudo-first-order equation is given by

l — ﬁ + i , (2)

qr  get  ge

where k; (hfl) is the pseudo-first-order adsorption rate

constant, and ¢, and ¢, (mg/g) are the amounts of heavy

metals adsorbed at equilibrium and time t (h), respectively.
The pseudo-second-order equation can be expressed as

Lol ()

qt B kZClg i’

where k, [g/(mg h™1)] is the pseudo-second-order adsorp-
tion rate constant.

The kinetic parameters and models for adsorption of five
heavy metals by GO-OMS-20 sample are summarized in
Table 4 and Supplementary Figure S-5, respectively. Based
on Table 4, it could be seen that the pseudo-second-order
model provides better correlation coefficients than the
pseudo-first-order model for the adsorption. Moreover, the
good agreement between the calculated equilibrium
adsorption capacities (gec.) and the experimental values
(Geexp) suggests that the pseudo-second order model is
more suitable to describe the adsorption kinetics of five
heavy metals. The pseudo-second-order model assumes
that two reactions are occurring. The first is fast and
reaches equilibrium quickly, and the second is slow and
continues for a long time. The two reactions can occur
either in sequence or in parallel. According to the con-
clusion by Saeid Azizian [29], the new adsorbents with
pseudo-second-order adsorption kinetics may be applied in
metal ion solutions of low initial concentrations.

Adsorption isotherms

Adsorption isotherms were determined to establish the
model of adsorption and reveal the adsorption character-
istics at a constant temperature. In this study, the Langmuir
and Freundlich isotherm equations were used to evaluate
the adsorption isotherms of the GO-OMS materials toward
heavy metals.

The Langmuir isotherm equation assumes that the
adsorption sites are distributed uniformly on the whole
surface of the adsorbent and that only one adsorbate mol-
ecule is adsorbed onto each adsorption site [30]. Therefore,
the Langmuir model is often used to evaluate monolayer
adsorption at the interface between solid and liquid phases
in dilute solutions. The linear Langmuir isotherm equation
is expressed as
C_ 1 G ()

¢ kgL qu
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where q. (mg/g) is the adsorption capacity, C. (mg/L) is the
equilibrium concentration of heavy metal in liquid phase,
qr (mg/g) and k; (L/mg) represent the monolayer adsorp-
tion capacity and equilibrium constant for the adsorption,
respectively.

The Freundlich model is applicable to both monolayer
(chemisorption) and multilayer adsorption (physisorption),
the Freundlich isotherm equation is an empirical equation
and describes adsorption on heterogeneous surfaces [31].
The linear Freundlich isotherm equation is expressed as

In C, (5)

n
where kg (mg/g) is the binding energy constant reflecting
affinity of adsorbents to heavy metal and n is the Freund-
lich exponent related to adsorption intensity.

In Supplementary Table S-5 shows the Langmuir and
Freundlich isotherm parameters for the adsorption of five
heavy metals onto GO-OMS-20 adsorbent at different
temperatures. The coefficients (R?) of the Langmuir (R})
and Freundlich (R%) indicated that the Langmuir isotherm
fitted the experimental data better than the Freundlich
model at a given temperature. This suggested that the
mechanisms for the adsorbents were monolayer adsorption
and chemisorption, the GO and mesoporous silica adsor-
bents can be effectively utilized in the adsorption
processes.

Ing. = Inkg +

Conclusions

In this work, GO-OMS was successfully fabricated. The as-
made materials were clearly covered by thin oxide graph-
ene sheets and exhibit ordered two-dimensional and hon-
eycomb-like mesostructure with high surface area
(872.9 m?/g), uniform pore size (6.3 nm), and large pore
volume (1.28 cm?/g). On the basis of the excellent property
of GO-OMS, the GO-OMS-20 exhibited superior removal
capacity of heavy metals to domestic sewage such as As,
Cd, Cr, Hg, and Pb, with equilibrium removal efficiencies
of 97.7, 96.9, 96.0, 98.5, and 78.7 %, respectively.
Therefore, the environmental friendly GO-OMS compos-
ites were expected to be used as low-cost and effective
adsorbent for the removal of toxic heavy metals from
wastewater even though at low or trace concentrations.
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